Introduction {#s1}
============

Every year, over 9 million cases of foodborne illness occur in the United States. Nontyphoidal *Salmonella* is estimated to cause 1 million of these cases (with 23,000 hospitalizations and 450 deaths) and is second only to norovirus as the most common foodborne pathogen ([@c67]). Infection with nontyphoidal *Salmonella* is associated with diarrhea, abdominal cramps, and fever and these symptoms are often self limiting ([@c23]). Nationwide, *Salmonella* is also estimated to have a yearly economic burden of $\$ 3.7\text{ \ billion}$ ([@c30]). The southeastern region of the United States consistently has higher incidence rates of salmonellosis compared with other parts of the country ([@c13])---its rate was 11% higher than the national rate in 2015 ([@c15]).

Numerous public health initiatives have been undertaken to better understand the epidemiology of foodborne diseases such as infections from *Salmonella*. The U.S. Centers for Disease Control and Prevention (CDC) has maintained its Foodborne Disease Active Surveillance Network (FoodNet) since 1995. FoodNet represents a long-standing collaboration between the CDC, the U.S. Food and Drug Administration (FDA), the U.S. Department of Agriculture (USDA), and 10 state health departments. FoodNet conducts rigorous surveillance and promotes behavioral changes to limit the public's contact with foodborne diseases. However, although the United States has seen a marked decrease in the incidence of certain foodborne illnesses over the past two decades, this reduction has not been observed for salmonellosis. In fact, salmonellosis incidence has experienced an overall 35% increase since 2001---national incidence was approximately 11 cases per 100,000 population in 2001 but in 2015, it was 14.9 ([@c13]; [@c15]). In Georgia, there has been an 11% increase since 2001 (data obtained through GA DPH's Public Health Information Portal: <https://dph.georgia.gov/phip-data-request>).

There are over 2,500 serovars of *Salmonella*, but human illnesses have been attributed to fewer than 100 serovars ([@c12]). Salmonellae live and reproduce in the gastrointestinal tracts of humans and other animals and are shed through feces. Direct or indirect contact with contaminated feces can result in infection. Humans can come in contact with the pathogen through fecal matter in or on food and water and through contact with wild and domesticated animals ([@c46]). When *Salmonella* is isolated from clinical and food samples during outbreaks, certain serovars (e.g., Enteritidis, Heidelberg, Kentucky) are often associated with animal-derived food commodities ([@c68]) and others (e.g., Muenchen, Javiana), with plant-derived food commodities ([@c24]; [@c64]). The serovars found on contaminated plant-derived food commodities have also been isolated from non-livestock reservoirs, such as birds, amphibians, water, and soil ([@c37]; [@c56]; [@c70]). This may indicate that these serovars are more often associated with environmental reservoirs as opposed to animal-derived food production, and we therefore refer to them here as environmental serovars. These environmental serovars include: Javiana, Litchfield, Mbandaka, Muenchen, Poona, and Senftenberg. In Georgia, many of these serovars are also frequently detected in clinical cases ([@c54]). Approximately 19% of the cases from 1997 to 2016 were attributed to these serovars (data obtained through GA DPH's Public Health Information Portal: <https://dph.georgia.gov/phip-data-request>). The prevalence of infection with environmental serovars may indicate the potential for human exposure to *Salmonella* in the environment.

Environmental transmission is further supported by the regular detection of *Salmonella* in surface water and samples from other environmental sources in Georgia and neighboring states ([@c1]; [@c27]; [@c47]; [@c51], [@c50]; [@c53]; [@c72]). Even in nonhost environments, such as soil and water, *Salmonella* has been observed to survive and persist for up to 332 d ([@c36]; [@c44]; [@c54]; [@c80]; [@c83]) and ultimately to be transported through the soil, into water resources, and even onto produce crops. The fate and transport of *Salmonella* in the environment can be impacted by various factors, including temperature, soil moisture, nutrients, and microbial competition ([@c20]).

Many studies have found that temperature and precipitation can also influence patterns of enteric disease incidence ([@c10], [@c11]; [@c49]; [@c71]). In the United States and Canada, waterborne disease outbreaks have been associated with heavy rainfall events ([@c9]; [@c17]; [@c40]; [@c66]). One study found the risks of salmonellosis were elevated with the increased frequency of extreme rainfall events in Maryland ([@c40]), but this association has not been explored for Georgia.

Furthermore, although there appears to be a direct linear relationship between temperature and enteric diseases that is influenced primarily by pathogen taxa ([@c11]), based on our general understanding of the fate and transport of environmental pollutants, the influence of rainfall on enteric disease patterns is likely to be more nonlinear in nature. For example, the first flush phenomenon occurs when pollutants accumulate in the environment during dry periods and get dislodged en masse during heavy precipitation events ([@c2]; [@c48]). During wet periods, environmental pollutants are constantly diluted and transported; thus, an extreme precipitation event is less likely to result in the movement of a large bolus of accumulated contaminants. This phenomenon is often studied in the urban storm water context for chemical pollutants, but it may also apply to microbial contaminants in both urban and rural settings.

Many previous time-series studies of the climatic drivers of enteric disease have used Poisson and negative binomial regression to investigate associations between cumulative precipitation levels or the presence of extremely high precipitation levels on disease counts ([@c25], [@c26]; [@c29]; [@c69]). Other studies have assessed the association between extreme rainfall events and diarrheal disease ([@c7]; [@c10]; [@c39]). Few studies have explored both extreme rainfall events and cumulative rainfall. One study used logistic regression to individually assess associations between rainfall (cumulative rainfall and an extreme precipitation event) and waterborne outbreaks ([@c59]). Of note, a common theme that emerged from a recent literature review on the effects of rainfall on diarrheal diseases is that the effects of heavy rainfall on diarrhea were magnified after dry periods, suggesting that models should incorporate antecedent rainfall conditions ([@c49]). For example, in a study in Ecuador, heavy rainfall events following dry weather periods were associated with elevated rates of diarrhea, but they were associated with reduced rates of diarrhea when following wet weather periods ([@c10]). In a study from India, there was evidence of effect modification of the heavy rainfall--diarrhea association by longer-term rainfall trends, with increased diarrhea prevalence observed when a heavy rainfall event occurred after a 60-d dry period ([@c55]). However, both of these studies looked at the incidence of diarrhea and not the incidence of disease from specific pathogens such as *Salmonella*.

To examine these phenomena, and to better understand relationships between climatic drivers and salmonellosis incidence patterns in Georgia, we analyzed the effect of precipitation on disease incidence using a long-term FoodNet data set for the state. We explored various aspects of rainfall, including overall levels as well as the timing of extreme rainfall events. In particular, we examined the interaction between extreme rainfall events and antecedent rainfall patterns on salmonellosis incidence in Georgia.

Methods {#s2}
=======

We evaluated a 20-y data set of salmonellosis cases in census tracts by residence in each of the 159 counties of Georgia from January 1997 (when reliable serotyping information became available) to December 2016, which was obtained from the Georgia Department of Public Health (GA DPH), a FoodNet site. In this data set, serotyping was regularly performed on clinical isolates; information on date of symptom onset, county of residence, serotype, whether the case was part of a recognized national or regional foodborne outbreak (based on GA DPH determination), age, gender, race, and ethnicity was available. The races of cases in the GA DPH data set included American Indian/Alaska Native, Asian, black or African American, Hawaiian/Pacific Islander, multiracial, or white. The ethnicities of cases included Hispanic or non-Hispanic. Cases identified as associated with foodborne outbreaks ($< 3\%$ of cases), which may be part of a multi-state outbreak or caused by conditions in food production facilities, are less likely to be affected by rainfall conditions in Georgia. These cases were excluded from the analysis in order to focus specifically on cases that could be attributed to environmental sources. Cases that were missing age, gender, race, and ethnicity were still included in the analyses of associations between rainfall and salmonellosis incidence. Cases missing serotype data were included in the analyses of all serovars but not included in the analyses of the environmental serovars.

During the 1997--2016 period, there were 39,535 salmonellosis cases not associated with known outbreaks. We aggregated case data by county to overcome the low counts of salmonellosis for many census tracts. Similarly, although date of symptom onset was available, we aggregated data to weekly disease counts because of the low salmonellosis counts for some counties. Cases without county information were removed from the analyses ($< 2\%$ of cases).

Weather station data were obtained from the 1,098 weather stations in Georgia through NOAA's National Climatic Data Center (NCDC; <https://www.ncdc.noaa.gov/cdo-web/>). Daily maximum temperature and precipitation levels for the 1997--2016 period were obtained from each station. We then excluded weather stations with less than 75% completeness in daily precipitation data during the study period. Each county was assigned the closest weather station (with at least 75% completeness) located within $35\;{km}$ of the center of the most populous city of the county. Because of these requirements, some counties were assigned the same weather station. Our final data set used data from 116 weather stations to represent the meteorological conditions in the 159 counties. Median precipitation by year and season for Northern and Coastal Plain counties is depicted in [Figure 1](#f1){ref-type="fig"}.

![Median precipitation (mm) by year and season for (A) Coastal Plain and (B) Northern counties during 1997--2016. Tick marks (*x*-axis) correspond to the four seasons: winter (W), spring, summer, fall. W marks the first season of each year.](ehp-127-097005-g0001){#f1}

Mean yearly salmonellosis incidence rates \[and 95% confidence intervals (CIs)\] were estimated by gender, age group (under 5, 5--19, 20--64, and $\geq 65$ years of age), and race/ethnicity (Hispanic, all races; white, non-Hispanic; Asian, non-Hispanic; black, non-Hispanic). These four race/ethnicity groups were chosen because they accounted for the majority of the state's population. Negative binomial models with county-specific random intercepts were used to estimate the association between county-level weekly salmonellosis counts and rainfall conditions. Rainfall conditions included: *a*) the presence of county-specific extreme rainfall events, defined as a daily precipitation level greater than the county-specific 90th percentile (over the 20-y study period); *b*) cumulative rainfall antecedent to extreme rainfall events (hereafter referred to as antecedent conditions); and *c*) the interaction between extreme rainfall events and antecedent conditions. Antecedent conditions were determined using 8-week sums of daily precipitation levels occurring in the 8 weeks prior to analysis, following Carlton et al. ([@c10]). Eight-week periods with sums greater than or equal to the county-specific 67th percentile over the 20-y study period were considered antecedent wet periods, those with sums lower than the county-specific 33rd percentile were considered antecedent dry periods, and the rest were considered antecedent moderate rainfall periods. These specific metrics were designed to assess both the overall effects of short- and long-term rainfall, as well as the potential impact of a first-flush phenomenon on salmonellosis counts in Georgia, analyzed using three epidemiologic model formulations as described below.

First, to estimate associations with extreme rainfall events alone, we modeled $$\log\, E\left\lbrack {Count_{it}} \right\rbrack\, \sim \,\left( {\beta_{0} + b_{i}} \right) + \beta_{1}Extreme_{it} + \beta_{2}Temperature_{it} + \beta_{3}Season_{it} + f\left( {Week\, Number_{it}} \right) + \,\log\,{\left( {Population_{it}} \right),}$$where $Count_{it}$ refers to the salmonellosis count in county *i* during week *t*. The dichotomous variable *Extreme* was a county-specific variable that referred to whether at least one extreme rainfall event occurred in county *i* during the week *t-1*. Sensitivity analyses investigated associations with extreme precipitation at the 95th and 99th percentiles and of lags of 1--3 weeks. We controlled for weekly county-specific mean *Temperature* as a linear term; *Season* using a four-level categorical variable (winter, spring, summer, fall) as categorized by the March equinox, June solstice, September equinox, and December solstice; and long-term trend using natural cubic splines for *Week Number* in the study, with 20 degrees of freedom for the 20 y of the study. Finally, an offset for *Population* was included in the models to account for differences in county population. Population data were obtained through GA DPH's Online Analytical Statistical Information System (<https://oasis.state.ga.us/>). To account for county-specific baseline risks, we included a random intercept, $b_{i}$.

Second, to estimate associations with antecedent rainfall conditions alone, we modeled $$\log\, E\left\lbrack {Count_{it}} \right\rbrack \sim \,\left( {\beta_{0} + b_{i}} \right) + \beta_{1}Antecedent_{it} + \beta_{2}Temperature_{it} + \beta_{3}Season_{it} + f\left( {Week\, Number_{it}} \right) + \log\,{\left( {Population_{it}} \right),}$$where all variables were as defined for Model 1. In place of *Extreme*, the categorical variable *Antecedent* was included, which categorized rainfall in county *i* during the week *t-1* as according to whether the antecedent 8-wk periods experienced wet, dry, or moderate rainfall.

Finally, to estimate the interaction of extreme rainfall events and their antecedent conditions, we modeled $$\log\, E\left\lbrack {Count_{it}} \right\rbrack \sim \left( {\beta_{0} + b_{i}} \right) + \beta_{1}Extreme_{it} + \beta_{2}Antecedent_{it} + \beta_{3}Extreme_{it} \times Antecedent_{it} + \beta_{4}Temperature_{it} + \beta_{5}Season_{it} + f\left( {Week\, Number_{it}} \right) + \log\,{\left( {Population_{it}} \right),}$$where all variables were as defined for Models 1 and 2, with the inclusion of a product term to estimate the interaction of *Extreme* and *Antecedent* rainfall conditions. In this model, six permutations of rainfall conditions were considered as exposures because following each of the three 8-week periods of cumulative rainfall (dry/moderate/wet), an extreme rainfall event may or may not have occurred. For each exposure permutation, the associated risk of salmonellosis was estimated. The relative excess risk due to interaction (RERI) and the associated 95% CIs were estimated using methods described by Hosmer and Lemeshow ([@c32]). All analyses were conducted using R (version 3.1.2; R Development Core Team).

The Fall Line of Georgia is a boundary line between two large geologic regions of Georgia, separating the Piedmont region from the Coastal Plain region ([Figure 2](#f2){ref-type="fig"}). It runs from Columbus in the west to Augusta in the east. The Piedmont, Blue Ridge Mountains, and Ridge and Valley regions lie to the north of the Fall Line, whereas the Upper and Lower Coastal Plain lie to the south. Agricultural, household income, climate, and land use data for the counties north and south of the Fall Line are provided in [Table 1](#t1){ref-type="table"}. Despite the predominance of the poultry production industry in the north of the state, salmonellosis incidence is higher in the Coastal Plain region and most reports of environmental occurrence of *Salmonella* in Georgia have been reported in this region ([@c1]; [@c27]; [@c47]; [@c51]; [@c53]; [@c54]). Because of the prevalence of *Salmonella* in environmental samples from the Coastal Plain, precipitation patterns can affect pathogen survival and transport in the environment and, in turn, have greater effects on exposure to *Salmonella* among residents of the Coastal Plain. Therefore, we stratified our analyses by county location relative to the Fall Line, in which counties south of the Fall Line were considered to be Coastal Plain counties and those north of the Fall Line were considered to be Northern counties.

![Mean yearly salmonellosis incidence (cases per 100,000 population) in Georgia by county for (A) all serovars and (B) environmental serovars during 1997--2016. Borders of Coastal Plain counties are outlined in black.](ehp-127-097005-g0002){#f2}

###### 

Comparison of demographic, economic, and climatic differences between the Coastal Plain and Northern counties.

Table 1 has three columns. The first column lists the categories of comparison. The adjacent columns list the values in coastal plains and northern counties.

  Characteristic                                                                                Coastal Plain   Northern
  --------------------------------------------------------------------------------------------- --------------- ----------
  Total farm gate value (million U.S. dollars)[^*a*^](#TF1){ref-type="table-fn"}                                
   Vegetables                                                                                   1,087.9         56.3
   Livestock                                                                                    795.6           694.4
   Poultry/eggs                                                                                 1,331.1         4,013.4
  High school diploma as highest educational attainment (%)[^*b*^](#TF2){ref-type="table-fn"}   58.2            51.4
  Median income (U.S. dollars)[^*b*^](#TF2){ref-type="table-fn"}                                36,772          47,420
  Below poverty level (%)[^*b*^](#TF2){ref-type="table-fn"}                                     24.9            18.1
  Rural (%)[^*c*^](#TF3){ref-type="table-fn"}                                                   64.2            56.3
  Climate[^*d*^](#TF4){ref-type="table-fn"}                                                                     
   Yearly precipitation (cm)                                                                    129.9           168.7
   Mean minimum temperature (°C)                                                                14.4            11.3
   Mean maximum temperature (°C)                                                                26.0            22.6
   Soil temperature (°C)                                                                        22.1            18.9

Obtained from 2016 Farm Gate Value Report ([@c81]).

Obtained from 2012--2016 American Community 5-Year Estimates (<https://data.census.gov>).

Obtained from the 2010 U.S. Census: Summary File 1, Table P2 (<https://factfinder.census.gov>).

Obtained from NOAA's National Climatic Data Center (NCDC; <https://www.ncdc.noaa.gov/cdo-web/>).

To investigate the relationship between climatic factors and salmonellosis attributed to serovars more specifically associated with environmental exposure, we ran Models 1 to 3 with county-level weekly salmonellosis counts restricted to several nonlivestock reservoir serovars discussed by Jackson et al. ([@c37]): Javiana, Litchfield, Mbandaka, Muenchen, Poona, and Senftenberg. To differentiate these results from those describing associations of all salmonellosis cases, we hereafter refer to these as the environmental serovar models.

Results {#s3}
=======

The mean annual incidence of salmonellosis throughout the study period in all counties of Georgia was 21.6 per 100,000 population (95% CI: 20.3, 23.0), with elevated annual incidence in the Coastal Plain counties (39.1 per 100,000; 95% CI: 36.6, 41.6) compared with the Northern counties (15.3 per 100,000; 95% CI: 14.3, 16.2) ([Table 2](#t2){ref-type="table"}; [Figure 2](#f2){ref-type="fig"}). Salmonellosis incidence rates in Georgia due to all serovars and environmental serovars increased substantially over the study period in the Coastal Plain, but not the Northern, counties ([Figure 3](#f3){ref-type="fig"}).

###### 

Comparison of mean yearly salmonellosis case counts (*n*) and incidence (cases per 100,000 population) and 95% confidence intervals (CIs) in Coastal Plain and Northern counties during 1997--2016.

Table 2 has seven columns. The first column lists category of Serovar and humans affected based on gender, age, race or ethnicity and season. The adjacent columns list the counts and incidence (95 percent confidence interval) values for a population of 2938517 in coastal plain counties, 6197440 in northern counties, and 9135957 in all counties.

  Characteristic                                              Coastal Plain counties (population: 2,938,517)   Northern counties (population: 6,197,440)   All counties (population:9,135,957)                               
  ----------------------------------------------------------- ------------------------------------------------ ------------------------------------------- ------------------------------------- ------------------- ------- ----------------------
  Serovar                                                                                                                                                                                                                    
   All serovars                                               946.9                                            39.1 (36.6, 41.6)                           1,024.7                               15.3 (14.3, 16.2)   985.8   21.6 (20.3, 23.0)
   Environmental serovars[^*a*^](#TF5){ref-type="table-fn"}   251.5                                            10.4 (9.2, 11.7)                            132.0                                 2.0 (1.6, 2.3)      191.7   4.2 (3.6, 4.8)
  Gender                                                                                                                                                                                                                     
   Male                                                       472.0                                            39.8 (36.3, 43.4)                           510.0                                 15.5 (14.2, 16.9)   982.0   19.8 (18.6, 21.1)
   Female                                                     470.5                                            38.1 (34.8, 41.7)                           508.9                                 14.8 (13.6, 16.2)   979.4   19.0 (17.8, 20.2)
  Age (y)                                                                                                                                                                                                                    
   $< 5$                                                      451.5                                            261.8 (238.5, 286.8)                        368.0                                 77.2 (69.5, 85.3)   819.4   113.9 (106.3, 121.9)
   5--9                                                       127.3                                            24.2 (20.3, 28.7)                           193                                   13.4 (11.5, 15.4)   320.3   14.6 (13.1, 16.3)
   20--64                                                     257.7                                            18.1 (15.9, 20.4)                           359.8                                 8.7 (7.9, 9.7)      617.5   10.1 (9.3, 10.9)
   $\geq 65$                                                  106.1                                            35.7 (29.5, 43.2)                           98.2                                  14.6 (11.9, 17.7)   204.3   19.2 (16.7, 22.0)
  Race/ethnicity                                                                                                                                                                                                             
   Asian (non-Hispanic)                                       3.8                                              13.9 (4.0, 32.1)                            22.5                                  9.1 (5.9, 13.4)     13.2    9.6 (5.6, 16.2)
   Black (non-Hispanic)                                       205.1                                            23.3 (20.3, 26.7)                           212.8                                 11.6 (10.1, 13.2)   208.9   15.4 (13.4, 17.6)
   Hispanic                                                   32.6                                             29.6 (20.6, 41.1)                           64.9                                  11.2 (8.7, 14.1)    48.7    14.1 (10.5, 18.5)
   White (non-Hispanic)                                       558.7                                            41.0 (37.7, 44.4)                           569.0                                 14.4 (13.2, 15.6)   563.9   21.2 (19.5, 22.9)
  Season                                                                                                                                                                                                                     
   Winter                                                     80.1                                             3.3 (2.7, 4.1)                              127.6                                 1.9 (1.6, 2.3)      207.6   2.3 (2.0, 2.6)
   Spring                                                     156.2                                            6.4 (5.5, 7.5)                              235.4                                 3.5 (3.1, 4.0)      391.6   4.3 (3.9, 4.7)
   Summer                                                     427.8                                            17.7 (16.0, 19.4)                           419.2                                 6.2 (5.7, 6.9)      847.0   9.3 (8.7, 9.9)
   Fall                                                       282.8                                            11.7 (10.4, 13.1)                           242.6                                 3.6 (3.2, 4.1)      525.4   5.8 (5.3, 6.3)

Environmental serovars include: Javiana, Litchfield, Mbandaka, Muenchen, Poona, and Senftenberg.

![Median yearly salmonellosis incidence (cases per 100,000 population) in Georgia during 1997--2016 attributed to (A) all serovars and (B) environmental serovars.](ehp-127-097005-g0003){#f3}

Salmonellosis incidence in males (19.8 per 100,000 population; 95% CI: 18.6, 21.1) was similar to incidence in females (19.0 per 100,000 population; 95% CI: 17.8, 20.2) ([Table 2](#t2){ref-type="table"}). Of the age groups, mean incidence was significantly higher in children under 5 years of age (113.9 per 100,000 population; 95% CI 106.3, 121.9) compared with those between 5 and 19 years of age (14.6 per 100,000 population; 95% CI 13.1, 16.3), those between 20 to 64 years of age (10.1 per 100,000 population; 95% CI: 9.3, 10.9), and those $\geq 65$ years of age (19.2 per 100,000 population; 95% CI: 16.7, 22.0). For individuals younger than 20 years of age, salmonellosis incidence in males (49.0 per 100,000 population; 95% CI: 45.4, 52.9) was higher than in females (43.7 per 100,000 population; 95% CI: 40.1, 47.4). The opposite was true for individuals $\geq 20$ years of age: incidence among males (12.5 per 100,000 population; 95% CI: 11.3, 13.8) was lower than incidence among females (14.3 per 100,000 population; 95% CI: 13.1, 15.6). Incidence was significantly higher in the white, non-Hispanic population (21.2 per 100,000 population; 95% CI: 19.5, 22.9) compared with the Hispanic (all races), Asian (non-Hispanic), and black (non-Hispanic) groups ([Table 2](#t2){ref-type="table"}).

To estimate the overall associations of extreme events and antecedent rainfall conditions with salmonellosis incidence (all serovars), Models 1 and 2 were conducted for all counties, and stratified by region (Coastal Plain counties and Northern counties) ([Table 3](#t3){ref-type="table"}). When examining incidence in all counties, extreme rainfall events (Model 1) were associated with a 3% increase in risk (i.e., incidence rate ratio) \[$\text{IRR} = 1.03$ (95% CI: 1.00, 1.06)\] and antecedent wet periods (Model 2) were associated with a 3% increase in risk \[$\text{IRR} = 1.03$ (95% CI: 1.00, 1.06)\], whereas antecedent dry periods (Model 2) were associated with a 7% decrease in risk \[$\text{IRR} = 0.93$ (95% CI: 0.90, 0.96)\]. Similar associations were estimated in analyses limited to the Coastal Plain counties. In these Coastal Plain counties, extreme rainfall events (Model 1) were associated with a 5% increase in risk \[$\text{IRR} = 1.05$ (95% CI: 1.01, 1.10)\] compared with weeks with no extreme rainfall. Compared with periods with moderate rainfall in the Coastal Plain region, antecedent dry periods (Model 2) were associated with a 9% decrease in risk \[$\text{IRR} = 0.91$ (95% CI: 0.88, 0.95)\], whereas antecedent wet periods were associated with a 5% increase \[$\text{IRR} = 1.05$ (95% CI: 1.01, 1.09)\] in risk. In contrast to the Coastal Plain counties, in the Northern counties, antecedent dry periods (Model 2) were associated with no increase in risk \[$\text{IRR} = 1.00$ (95% CI: 0.96, 1.04)\]. In the Northern counties, there was no significant association between extreme rainfall events (Model 1) and salmonellosis incidence and between antecedent wet conditions and salmonellosis incidence (Model 2), but these associations were similar to those estimated in the Coastal Plain counties.

###### 

Salmonellosis (all serovar) incidence rate ratios (IRRs) and 95% confidence intervals (CIs) for six possible combinations of precipitation conditions (extreme precipitation and antecedent conditions) in Model 1 (extreme rainfall) and Model 2 (antecedent rainfall).

Table 3 has four columns. The first column mentions the variables in model 1 and model 2. The adjacent columns list I R R with 95 percent confidence interval values for all counties, coastal plain counties, and northern counties.

  Variable                                            All counties IRR (95% CI)   Coastal Plain counties IRR (95% CI)   Northern counties IRR (95% CI)
  --------------------------------------------------- --------------------------- ------------------------------------- --------------------------------
  Model 1[^*a*^](#TF6){ref-type="table-fn"}                                                                             
   Extreme[^*b*^](#TF7){ref-type="table-fn"}          1.03 (1.00, 1.06)           1.05 (1.01, 1.10)                     1.02 (0.98, 1.06)
  Model 2[^*c*^](#TF8){ref-type="table-fn"}                                                                             
   Antecedent[^*d*^](#TF9){ref-type="table-fn"} dry   0.93 (0.90, 0.96)           0.91 (0.88, 0.95)                     1.00 (0.96, 1.04)
   Antecedent[^*d*^](#TF9){ref-type="table-fn"} wet   1.03 (1.00, 1.06)           1.05 (1.01, 1.09)                     0.99 (0.95, 1.03)

Model 1 includes terms for extreme precipitation, temperature, season, natural cubic spline for week number, and an offset for population.

Extreme refers to the presence of an extreme rainfall event at the 90th percentile of daily precipitation levels in the week preceding the week of disease incidence (1-week lag).

Model 3 includes terms for antecedent precipitation conditions, temperature, season, natural cubic spline for week number, and an offset for population.

Antecedent refers to the antecedent conditions preceding the week in question (dry or wet periods), corresponding to tertiles of total daily precipitation over the prior 8 weeks and using moderate rainfall periods as the reference group.

To assess the interaction of extreme rainfall events and antecedent rainfall conditions, Model 3 was conducted for all serovars and all counties and stratified by region ([Table 4](#t4){ref-type="table"}, all serovars results; see also Table S1 for all Model 3 parameter values). In all counties, compared with weeks with no extreme event following moderate rainfall, extreme rainfall events following moderate rainfall were associated with a 9% increase in risk \[$\text{IRR} = 1.09$ (95% CI: 1.04, 1.13)\]. Wet periods alone were associated with 8% increase in risk \[$\text{IRR} = 1.08$ (95% CI: 1.03, 1.13)\] and wet periods followed by an extreme rainfall event were associated with 9% increase in risk \[$\text{IRR} = 1.09$ (95% CI: 1.05, 1.14)\]. In the Coastal Plain, extreme rainfall events were associated with an 11% increase in risk \[$\text{IRR} = 1.11$ (95% CI: 1.05, 1.18)\] when they occurred following moderate rainfall and wet periods. Extreme rainfall events following dry periods were not as strongly associated with salmonellosis risk \[$\text{IRR} = 1.04$ (95% CI: 0.98, 1.11)\]. In contrast, in the Northern counties, wet periods alone were associated with a 6% decrease in risk \[$\text{IRR} = 0.94$ (95% CI: 0.89, 1.00)\]. The risks associated with extreme rainfall events following moderate \[$\text{IRR} = 1.03$ (95% CI: 0.97, 1.09)\] and wet periods \[$\text{IRR} = 1.01$ (95% CI: 0.95, 1.07)\] were lower than, but not significantly different from, the risks of these precipitation patterns in the Coastal Plain. In the Coastal Plain, we estimated a negative additive interaction between extreme rainfall and wet antecedent conditions \[$\text{RERI} = - 0.13$ (95% CI: $- 0.20$, $- 0.06$)\], whereas in the Northern counties, we estimated a more positive additive interaction between extreme rainfall and wet conditions \[$\text{RERI} = 0.04$ (95% CI: $- 0.03$, 0.11)\].

###### 

Incidence rate ratios (IRRs) and 95% confidence intervals (CIs) for six possible combinations of precipitation conditions (extreme precipitation and antecedent conditions) in Model 3 when considering salmonellosis from all serovars and environmental serovars only.

Table 4 has five columns. The first represents the presence of an extreme rainfall event. The second column lists antecedent rainfall condition categories of dry, moderate and wet. The adjacent columns list the I R R and 95 percent confidence intervals for each precipitation condition combination for all counties, coastal plain counties, and northern counties. The top half of the table has values for all serovars while the bottom half of the table has values for environmental serovars.

  Extreme[^*a*^](#TF11){ref-type="table-fn"}   Antecedent[^*b*^](#TF12){ref-type="table-fn"}   All counties IRR (95% CI)   Coastal Plain counties IRR (95% CI)   Northern counties IRR (95% CI)
  -------------------------------------------- ----------------------------------------------- --------------------------- ------------------------------------- --------------------------------
  All serovars                                                                                                                                                   
   No                                          Dry                                             0.94 (0.90, 0.98)           0.92 (0.87, 0.98)                     1.01 (0.96, 1.07)
  Mod                                          Ref                                             Ref                         Ref                                   
  Wet                                          1.08 (1.03, 1.13)                               1.13 (1.06, 1.19)           0.94 (0.89, 1.00)                     
   Yes                                         Dry                                             1.02 (0.97, 1.06)           1.04 (0.98, 1.11)                     1.04 (0.98, 1.10)
  Mod                                          1.09 (1.04, 1.13)                               1.11 (1.05, 1.18)           1.03 (0.97, 1.09)                     
  Wet                                          1.09 (1.05, 1.14)                               1.11 (1.05, 1.18)           1.01 (0.95, 1.07)                     
  Environmental serovars                                                                                                                                         
   No                                          Dry                                             0.97 (0.88, 1.06)           0.96 (0.86, 1.09)                     0.95 (0.81, 1.11)
  Mod                                          Ref                                             Ref                         Ref                                   
  Wet                                          1.19 (1.09, 1.31)                               1.29 (1.16, 1.44)           0.90 (0.76, 1.06)                     
   Yes                                         Dry                                             1.12 (1.01, 1.23)           1.20 (1.06, 1.35)                     1.05 (0.90, 1.22)
  Mod                                          1.18 (1.07, 1.29)                               1.22 (1.09, 1.37)           1.06 (0.91, 1.24)                     
  Wet                                          1.28 (1.17, 1.40)                               1.34 (1.20, 1.49)           1.14 (0.97, 1.34)                     

Note: Model 3 includes terms for extreme precipitation, antecedent precipitation conditions, temperature, season, natural cubic spline for week number, and an offset for population. Mod, moderate; Ref, reference.

Extreme refers to the presence of an extreme rainfall event at the 90th percentile of daily precipitation levels in the week preceding the week of disease incidence (1-week lag). The presence of an extreme event is indicated as no or yes.

Antecedent refers to the antecedent rainfall conditions preceding the week in question (dry, moderate rainfall, or wet periods), corresponding to tertiles of total daily precipitation over the prior 8 weeks.

The effects of rainfall conditions on salmonellosis incidence in the Coastal Plain counties were even more pronounced when limiting the analysis to cases associated with environmental serovars ([Table 4](#t4){ref-type="table"}, environmental serovars results; [Figure 4](#f4){ref-type="fig"}). For all antecedent categories, extreme rainfall events were associated with a significant increase in risk compared with the reference condition of no extreme event during a moderate rainfall period. The increase in risk associated with an extreme rainfall event ranged from 20% during dry periods ($\text{IRR} = 1.20$ (95% CI: 1.06, 1.35)\] to 22% in periods with moderate rainfall \[$\text{IRR} = 1.22$ (95% CI: 1.09, 1.37)\] to 34% in wet periods \[$\text{IRR} = 1.34$ (95% CI: 1.20, 1.49)\]. In the absence of an extreme rainfall event, wet periods had a 29% higher risk compared with moderate rainfall periods \[$\text{IRR} = 1.29$ (95% CI: 1.16, 1.44)\]. When examining the combined effect of extreme rainfall and wet conditions in the Coastal Plain, we estimated a negative additive interaction \[$\text{RERI} = - 0.17$ (95% CI: $- 0.31$, $- 0.03$)\]. However, we estimated a positive additive interaction between extreme rainfall and wet conditions in the Northern counties \[$\text{RERI} = 0.18$ (95% CI: $- 0.03$, 0.39)\].

![Comparison of incidence rate ratios (IRRs) and 95% confidence intervals for the associations between an extreme rainfall event at the 90th percentile (1-week lag) and differing antecedent rainfall conditions (dry, moderate, wet) by county location and serovar type.](ehp-127-097005-g0004){#f4}

In sensitivity analyses of extreme precipitation at the 95th and 99th percentile, the estimated associations with low and high antecedent conditions when followed by no extreme event were similar to the 90th percentile analysis. However, the estimated associations with high antecedent conditions prior to extreme precipitation diminished and IRRs were driven largely by the extreme precipitation events themselves. These trends were observed when examining salmonellosis incidence associated with all serovars and environmental serovars. These results can be found in Tables S2--S3.

In sensitivity analyses of time lags for extreme rainfall, the pattern of observed results was similar, but the magnitude of estimated associations was lower at longer lags (see Table S4).

Discussion {#s4}
==========

In this analysis, we estimated the potential impacts of both short-term and long-term precipitation conditions and their interaction on salmonellosis incidence using a 20-y data set of weather exposures and disease outcomes across all 159 counties of Georgia. The results of this study indicate a positive association between precipitation and salmonellosis incidence in Georgia. The patterns of associations among Coastal Plain counties were similar to, but stronger than, those for all counties, and associations among Northern counties were consistent with the null. We were particularly interested in the timing of heavy rainfall events, and whether antecedent conditions (defined as rainfall in the prior 8 weeks) modified the association between extreme rainfall events and disease incidence. In the Coastal Plain region, both extreme rainfall events and wet periods (alone and together) trended toward increased risk, although the association of extreme rainfall events and wet conditions combined was not significantly greater than the association of each of these precipitation parameters alone. These results highlight the potential associations of extreme rainfall events and wet periods with salmonellosis risk.

The stronger associations between rainfall patterns and salmonellosis when examining the environmental serovars compared with all serovars further suggest the importance of rainfall-mediated transmission of *Salmonella* in the environment, particularly in southern Georgia. In the Coastal Plain, extreme rainfall events following wet periods were associated with an 11% increase in risk \[$\text{IRR} = 1.11$ (95% CI: 1.05, 1.18)\] of salmonellosis from all serovars; however, when analyzing salmonellosis cases attributed to environmental serovars, extreme rainfall events following wet periods were associated with a 34% increase in risk \[$\text{IRR} = 1.34$ (95% CI: 1.20, 1.49)\]. Taken together, these results suggest that environmental sources may contribute to many sporadic cases of salmonellosis, and they support the need to better understand environmental exposure pathways for *Salmonella* infection and the potential impact of precipitation and other climatic conditions on exposure to pathogens.

The results are consistent with reports of increase in infections from *Salmonella* and other enteric pathogens such as *E. coli* O157:H7, *Cryptosporidium*, and *Campylobacter* following extreme rainfall events ([@c40]; [@c74]) and rainy periods ([@c26]; [@c59]). Interestingly, our findings do not support a first flush phenomenon, in contrast with Carlton et al. ([@c10]) and Mertens et al. ([@c55]), who reported stronger associations between all-cause diarrhea and heavy rainfall events during dry compared with wet periods in Ecuador and India. Differences among studies may reflect differences in precipitation-related exposure mechanisms related to agricultural practices, living conditions, water sources, or other factors, or they may reflect differences between *Salmonella*-specific disease and all-cause diarrhea.

The absence of this first flush phenomenon may also be due to the increased survival of soil bacteria during wet conditions ([@c16]; [@c34]; [@c82]). In addition to promoting microbial survival, high soil moisture content is associated with greater microbial transport ([@c8]; [@c73]). Soil saturation during wet periods can result in surface water runoff during high rainfall events, which can facilitate the transport of contaminants in the environment ([@c19]; [@c43]; [@c62]). Wet antecedent conditions prior to extreme rainfall may promote the transport of enteric pathogens through the environment and potentially increase the risk of human exposure to these pathogens. Even when soil is not saturated, the intensity of extreme rainfall events can dislodge contaminants and transport them through soil, into water sources, and potentially onto crops ([@c3]; [@c28]; [@c36], [@c35]; [@c38]; [@c42]; [@c61]).

Human exposure to contaminated surface water, either through recreational use or consumption of crops irrigated with surface water, represents one pathway in which rainfall conditions may increase disease risk. This pathway is of particular concern in regions in Georgia and elsewhere where produce production and livestock production overlap ([@c81]). Further work is necessary to better understand the impact of precipitation patterns---and not just cumulative precipitation levels or the presence of extreme events---on this pathway.

Temperature conditions may also impact *Salmonella* survival in the environment. Multiple freeze-thaws can limit *Salmonella* survival in the environment ([@c31]; [@c58]). Thus, even though *Salmonella* has been detected in Northern counties ([@c54]), *Salmonella* may be more prevalent throughout the year in the Coastal Plain, where average temperatures range from 14.4°C to 26.0°C, compared with 11.3°C to 22.6°C in the Northern counties.

In Georgia, the yearly incidence of salmonellosis associated with all serovars and environmental serovars has increased since 1997. This increase is most notable in the Coastal Plain region ([Figure 3](#f3){ref-type="fig"}). The increase in incidence could be a function of environmental factors such as climatic changes or changes in land management or could also be attributable to improvements in diagnostic procedures and/or improved surveillance; geographic differences in surveillance have been noted in other regions of the United States ([@c57]).

Another potential explanation for the elevated and rising incidence in the Coastal Plain counties may be a combination of aging private wells and septic systems. Deteriorating wells are vulnerable to intrusion by contaminants and setback distances between septic tanks and wells may be inadequate ([@c5]). Although rural populations throughout Georgia rely on septic systems and private wells, a greater proportion of the Coastal Plain population relies on private wells for drinking water ([@c41]).

Similar to prior studies of salmonellosis trends by age and sex ([@c15]; [@c65]), this study found that salmonellosis incidence in those under 20 years of age is found to be slightly higher in males than in females; among older ages, the incidence in females is higher than males. These differences in incidence may be due to increased contact with wild and domesticated animals and natural environments in male children compared with female children. The higher incidence in females over 20 may be driven by exposure through fresh produce consumption and food preparation ([@c6]). Future studies could further investigate behavioral factors associated with salmonellosis incidence.

One important caveat to investigating climatic drivers of salmonellosis incidence is the abundance of ways in which people can become exposed to *Salmonella*. This study explored the association between climate and salmonellosis cases but could not determine specific sources of infection. Many behaviors that are influenced by climatic conditions, such as gardening, swimming, and recent travel, may also increase human exposure to *Salmonella*. Although we controlled for season to address these types of behaviors, residual confounding is still possible. Better understanding the exposure pathways involved in the transmission of these serovars will help identify leverage points to reduce salmonellosis risk.

One of the strengths of this study was the analysis of salmonellosis incidence by location and serovar, which allowed us to focus more closely on the associations between rainfall and infection with environmental serovars in the Coastal Plain. Infections from *Salmonella* Javiana, one of the environmental serovars we considered, are most commonly found in the southeastern region of the United States ([@c13], [@c15]). Javiana infections have been associated with wetland presence in Maryland and Georgia and this may be due to the role of wetlands as a habitat for environmental reservoirs, such as reptiles and amphibians ([@c33]; [@c70]). Changes in the frequency and duration of droughts and heavy rainfall have the potential to impact wetland quantity and quality. In turn, they can influence the reproductive success and dispersal of reptiles and amphibians and ultimately, the prevalence of *Salmonella* in the environment ([@c52]; [@c79]). Serovar-specific analyses have the potential to elucidate environmental reservoirs and exposure pathways that may be particularly vulnerable to precipitation.

Our findings suggest that extreme rainfall and antecedent conditions are not associated with salmonellosis incidence in the Northern counties of Georgia. Even though poultry production is extensive in the Northern counties of Georgia ([@c81]), salmonellosis incidence is higher in the Coastal Plain counties. These results may indicate that, even if these poultry operations are sources of *Salmonella* ([@c4]; [@c76]), the contamination is either controlled from entering the environment or not affected by the rainfall-related exposure pathways in the Northern counties. For example, these poultry operations may be located far enough away from wells to not pose a threat to drinking water quality.

One major limitation of this study was that we were limited to county-level data because of the low frequency of weekly disease counts by census tract. To estimate county-level weather data, we used data from the weather station closest to the most populous city in each county, which was up to $35\;{km}$ away from that city (this represents the maximum). In addition, even when weather stations were close to the most populous cities, individual salmonellosis cases might have occurred far from these cities. Daily precipitation values can vary widely within a county and, thus, some exposure misclassification for the precipitation data may have resulted. We expect that although the presence of an extreme rainfall event in 1 week may have differed within each county, the categorization of the 8-week antecedent conditions would have been similar throughout the county.

In addition, only cases that were not part of a recognized national or local foodborne outbreak were considered in this analysis. However, we may have included some outbreak cases in the analysis if they were not recognized as such by the GA DPH. We expect though that the inclusion of these cases would have been systematic throughout the state and the study period regardless of precipitation patterns and thus would not have biased our estimates.

Given the contribution of climatic factors to salmonellosis risk, a better understanding of the effects of climate on environmental pathogen transmission is critical for planning adaptation measures for potential changes in climate in the future. Our results suggest that extreme rainfall events and periods of prolonged wetness or dryness may impact salmonellosis risk. Potential increases in periods of drought as anticipated with climate change ([@c18]; [@c75]) may be protective against exposure and infection, but the anticipated increased frequency and intensity of extreme rainfall events with climate change ([@c21]; [@c45]; [@c63]) may increase salmonellosis risk. Under the A2 emissions scenario of the Intergovernmental Panel on Climate Change's (IPCC) Special Report on Emissions Scenarios (SRES), which assumes continued increases in carbon dioxide (${CO}_{2}$) emissions, southern Georgia is expected to experience a 15--20% increase in the number of days when precipitation is greater than 1 in. ($25.4\;{mm}$) by 2041--2070 (compared with 1980--2000) ([@c45]), which is similar to the threshold for extreme rainfall event in our study. This suggests that in this high emissions scenario, there may be a continued elevated risk of salmonellosis in southern Georgia in the future. These results may also be applicable to other regions of the United States and elsewhere where *Salmonella* is prevalent in the environment that also anticipate increased temperatures and rainfall variability. A comprehensive understanding of these climatic changes and the exposure pathways they influence will help improve public health measures to mitigate salmonellosis risk.
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